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Abstract: The possibility of applying steel slag as mineral
admixture in steam-cured concrete was investigated. The
compressive carbonation
depth and drying shrinkage of concrete and the microstructure
characteristics of hardened paste were studied. Results show

that the steam-cured concrete containing steel slag at a high

strength, chloride permeability,

water-to-binder ratio has low compressive strength, coarse
pore structure, moderate permeability, large carbonation depth
and great drying shrinkage. The negative effects of steel slag
on the mechanical and durability performance of steam-cured
concrete become smaller at a low water-to-binder ratio or by
adding ultrafine ground granulated blast furnace slag
(UGGBS). The later-age hydration of cement is significantly
promoted by adding steel slag. The pozzolanic reaction and
micro-filler effect of UGGBS result in dense structure, which
makes great contribution to the strength development and
durability performance of steam-cured concrete. These effects
of steel slag and UGGBS are significant at a low water to
binder ratio. The steam-cured concrete containing steel slag-
UGGBS blended mineral admixture at a low water-to-binder
ratio has the best performance with high compressive strength,
fine pore structure and good durability.
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recast concrete is commonly used in modern con-
P struction. The booming development of precast con-
crete can be explained by its many advantages'' ™,
as assured quality control, a short construction period,
simple fabrication process, etc. Steam curing is the most
common method for the production of precast concrete. It

accelerates the hydration of the binder by means of in-

such

creasing temperature and humidity. The strength of con-
crete increases significantly. However, some researchers
found that steam curing leads to poor performance of con-
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35
crete at later ages” ™',

erogeneous distribution of hydration products reduce the
strength and increase the permeability of concrete at later

The coarse pore structure and het-

ages. Furthermore, the excessive increase in temperature
causes the formation of delayed ettringite, which destroys
the structure of concrete' . Therefore, the maximum tem-
perature of steam curing is usually lower than 70 C™ ™.
In order to reduce the cost and decrease the emissions
of carbon dioxide, mineral admixtures are widely used as
partial replacement of Portland cement. The mineral ad-
mixture and Portland cement have different activities and
different sensitivities to temperature™ . Therefore, the
hydration of the composite binder is much more compli-
cated under steam curing conditions. Cassagnabere et
al. " found that the strength of mortar containing 25% of
metakaolin increases by 39% under the steam curing con-
ditions after 1 d. It was due to the increasing amount of
hydration products and the decreasing

Ca(OH), as well as the decrease in Ca/Si ratio. Rameza-
0]

content of

nianpour et al. "
increased compressive strength by promoting hydration,
and the highest compressive strength was obtained for the
concrete containing metakaolin. Ho et al. """ found that a

reported that the steam curing clearly

more porous structure was observed in the steam-cured
concrete containing fly ash or slag. However, the addi-
tion of silica fume resulted in the best performance. Liu
1. " noted that the demoulding compressive strength
of the steam-cured concrete containing ultrafine fly ash
was low. The ultrafine fly ash-slag blended mineral ad-
mixture increased the compressive strength of concrete.
According to the previous literature, the common min-
eral admixtures used in the steam-cured concrete are slag,
fly ash and silica fume. However, the amount of these

et a

mineral admixtures is limited in China. In order to keep
sustainable production of precast concrete and create a
greener environment, more kinds of mineral admixtures
should be developed. Steel slag is one of the important
sources of industrial wastes, particularly in China'"'.
Steel slag consists of cementitious phases and non-active
components. Owing to the low cooling rate, the reactivi-
ty of steel slag is lower than that of Portland cement.
Mixing steel slag with ground granulated blast furnace
slag at a proper ratio produces concrete with good per-

formance!". However, to the best of our knowledge, no
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research work has been carried out on the effects of steam
curing on the hydration of the composite binder and the
performance of concrete containing steel slag, particularly
on the long-term strength development and the durability
of the steam-cured concrete containing steel slag.
Therefore, in this paper, the compressive strength,
chloride permeability, carbonation depth and drying
shrinkage of the steam-cured concrete containing steel
slag are investigated. Meanwhile, the non-evaporable wa-
ter content and Ca( OH) , content as well as the pore struc-
ture of the steam-cured paste containing steel slag are also
studied. The purpose of this study is to investigate the
utilization of steel slag in the steam-cured concrete.

1 Experiment

1.1 Raw materials

P.142.5 Portland cement, UGGBS and ground basic
oxygen furnace steel slag from Tangshan, Hebei Province
were used in this paper. The main mineral compositions
of steel slag determined by XRD were C,S, C,S, C,F
and RO phase. The specific surface areas of Portland ce-
ment, UGGBS and steel slag were 362, 659 and 455 m®/
kg, respectively. The chemical compositions of raw ma-
terials are shown in Tab. 1.

Tab.1 Mass fraction of chemical compositions of raw materials %
Composition CaO MgO SiO, Al, O, Fe, 0,4 MnO SO, LOI
Cement 60.25 3.26 21.13 4.55 2.43 3.51 2.56 1.93
Steel slag 38.19 6.87 20.29 5.24 22.37 3.68 0.57 2.31
UGGBS 39.47 8.68 30.14 18. 64 0.75 0.24 1.04

The natural river sands with a maximum particle size of
5 mm and the fineness modulus of 2.7 were used as fine
aggregates. The crushed limestones with the particle size
of 5 to 25 mm were used as coarse aggregates.

1.2 Test methods

The total content of steel slag and UGGBS is 40% in

initial slumps of the concretes were in the range of 180 to
200 mm. The NaOH solution with the pH value of 13. 8
was prepared. Steel slag was mixed with NaOH solution
to prepare the steel slag paste (SS). The NaOH solution
to steel slag ratio was 0. 4.

Tab.2 Mass fraction of mix proportions of pastes

Water-to- Mix proportions/ %
the steam-cured concrete. Tab.2 and Tab. 3 show the mix Sample |- ter ratio Cement Steel slag  UGGBS
proportions of pastes and concretes, respectively. The PC 0.4 100 0 0
paste of 40 mm x 40 mm x 40 mm and concrete of 100 PS1 0.4 70 30 0
mm x 100 mm x 100 mm were prepared according to PS2 0.3 70 30 0
Tab.2 and Tab. 3, respectively. 1% and 1.5% polycar- PS3 0.4 60 30 10
boxylate superplasticizers were used for concretes with PS4 0.3 60 30 10
water-to-binder ratios of 0.4 and 0. 3, respectively. The
Tab.3 Mix proportions of concretes kg/m’
Sample Cement Steel slag UGGBS Fine aggregate Coarse aggregate Water

C 450 0 0 751 1038 180

S1 315 135 0 751 1 038 180

S2 315 135 0 771 1 064 135

S3 270 135 45 751 1038 180

S4 270 135 45 771 1 064 135

The total steam curing time was 24 h. The curing re-
gimes of the steam-cured concrete are shown in Tab. 4.

Tab.4 Curing regimes of the steam-cured concrete

Rate of . Curing at
. Maximum .
Pre-curing/h temperature/ maximum
o temperature/ C
(C-hh temperature/h
8 20 60 12

The samples were cured under the standard condition
((20 £1) T, 95% RH) in the pre-curing period and after
total steam curing. The compressive strengths of con-
cretes were measured after curing for 1, 3, 28, 90 and
360 d.

The pastes were crushed to small pieces and put into

acetone to terminate further hydration at the testing stage.
The non-evaporable water content of the paste was deter-
mined by high temperature ignition and it was the mass
difference between the hardened paste heated at 80 and
1 000 C, and normalized by the mass after heating at 80
C, finally corrected by the loss on ignition of raw mate-

. 15
rials'”

. The Ca(OH), content of paste was measured by
the thermogravimetric analyzer. It was carried out from
25 C up t0 900 C at 10 C/min and purged with nitro-
gen. The porosity, cumulative pore volume and pore size
distribution of the paste were measured by a mercury in-
trusion porosimeter (MIP).

The chloride permeability of the steam-cured concrete

after curing for 28, 90 and 360 d was determined accord-
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ing to ASTM C1202 “Standard Test Method for Electrical
Indication of Concrete’s Ability to Resist Chloride Ion
Penetration”.

Concretes of 100 mm x 100 mm x 400 mm were pre-
pared for the measurement of the carbonation depth of the
steam-cured concrete. After total curing for 28 d, the
concretes were placed in a room with a temperature of 20
C and (6 +10)% RH. The carbonation depth of con-
crete was determined after natural carbonating for 360 d.
The visible interface between the carbonated and un-car-
bonated zone was observed by using one percent phenol-
phthalein in alcohol indicator solution. The carbonation
depth was measured with the vernier caliper. The result
of carbonation depth for one sample was the average val-
ue of thirty test points.

Concretes of 100 mm x 100 mm x 515 mm were pre-
pared for the drying shrinkage test. The concretes were
demoulded after total steam curing for 24 h. Then, the
samples were cured under the standard condition for 2 d.
After this, the concretes were installed onto the measuring
device for drying shrinkage in an environment with (20 +
1) C and (60 +5)% RH. The drying shrinkage of the
steam-cured concrete was measured continuously for
360 d.

2 Results and Discussion
2.1 Compressive strength

In order to increase the production rate of precast con-
crete, the concrete needs to reach a certain compressive
strength after initial steam curing. Thus, the moulds can
be used for another casting. Fig. 1 gives the demoulding
compressive strengths of concretes, which were cured for
1 d. The demoulding compressive strength of Sample S1
is clearly lower than that of Sample C. Although the ini-
tial steam curing accelerates the reaction of steel slag, the
reaction rate of steel slag is still lower than that of cement
due to its low activity. Furthermore, the early-age hydra-
tion rate of cement is decreased by adding steel slag'™.
Thus, low demoulding compressive strength is obtained
for Sample S1. Decreasing the water-to-binder ratio from
0.4 to 0.3 (Sample S2) or adding 10% of UGGBS
(Sample S3) can increase the demoulding compressive
strength. It is highlighted that the negative effect of steel
slag on the demoulding compressive strength becomes
smaller at a low water-to-binder ratio or by adding UGG-
BS. Owing to the high specific surface area and plenty of
glass phases, the activity of UGGBS is higher than that of
steel slag. The hydration of UGGBS is significantly pro-
moted by steam curing. Meanwhile, the finer UGGBS
particles fill the pores to densify the microstructure of the
concrete. Therefore, the physical and chemical effects of
UGGBS result in the steam-cured concrete with higher de-
moulding compressive strength. However, the demould-

ing compressive strengths of Samples S2 and S3 are still
lower than Sample C. When decreasing the water-to-
binder ratio of Sample S3 to 0.3, the demoulding com-
pressive strength of Sample S4 is almost the same as that
of Sample C; indicating that at low water-to-binder ratio,
the concrete containing steel slag-UGGBS blended miner-
al admixture has high demoulding compressive strength
after steam curing. The initial microstructure of concrete
is dense due to the low water-to-binder ratio. The reac-
tion of UGGBS produces additional C-S-H gel, which
makes contribution to the strength of Sample S4.
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Fig.1 Demoulding compressive strengths of concretes ( cured
for 1 d)

Fig. 2 presents the compressive strength development of
the steam-cured concrete after demoulding. The compres-
sive strength of Sample S1 is lower than that of Sample C
at all testing stages. However, the gap between the com-
pressive strength of Sample S2 and that of Sample C be-
comes smaller with prolonging ages. The compressive
strength of Sample S2 is almost the same as that of Sam-
ple C at90 d, and it is slightly higher than that of Sample
C at 360 d. It indicates that decreasing the water-to-bind-
er ratio can compensate for the negative effect of steel
slag on the compressive strength at a high water-to-binder
ratio. Increasing reaction of the steel slag makes contribu-
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Fig.2 Compressive strength development of steam-cured con-
crete after demoulding



280

Han Fanghui, Liu Juanhong, He Xuejiang, and Song Shaomin

tion to the later-age strength gain of concrete. Moreover,
the later-age hydration of cement is promoted by adding
steel slag'”'. These contributions of steel slag are signifi-
cant for the steam-cured concrete with low water-to-bind-
er ratio, which has a dense structure with initial lower po-
rosity. A small number of hydration products can further
densify the Thus, the high compressive
strength of the concrete is obtained at later ages.

structure.

For the steam-cured concrete containing steel slag-UG-
GBS blended mineral admixture, the compressive strength
of Sample S3 is still lower than that of Sample S2 at 3 d.
But the strength growth rate of Sample S3 remains high
from 3 to 28 d. The compressive strength of Sample S3 is
higher than that of Sample C at later ages. The hydration
of UGGBS is much more sensitive to temperature'® .
Once the vitreous structure of UGGBS is destroyed by the
elevated temperature, the reaction degree of UGGBS will
increase along with prolonging age!"”’. UGGBS contrib-
utes greatly to strength development. Meanwhile, as
mentioned above, the reaction of steel slag also increases
the strength of the concrete at later ages. Note that the
compressive strength of Sample S4 is higher than that of
Sample C at all testing ages and the gap in strength be-
tween the two increases along with prolonging age. The
pozzolanic reaction of UGGBS and the hydration of steel
slag as well as the low water-to-binder ratio increase the
strength of Sample S4. It is also highlighted that the
steam-cured concrete with steel slag-UGGBS blended
mineral admixture at a low water-to-binder ratio has a
good long-term mechanical property.

2.2 Non-evaporable water content

The non-evaporable water content of the cement paste
and paste containing steel slag are shown in Fig. 3. The
non-evaporable water content of Sample PS1 is obviously
lower than that of Sample PC at all studied ages. This in-
dicates that a low content of hydrates is generated in Sam-
ple PS1. The findings are in accordance with the results
of compressive strength (see Fig.2). As expected, de-
creasing the water-to-binder ratio can decrease the non-
evaporable water content. However, the ratios of the non-
evaporable water content of Sample PS2 to that of Sample
PS1 at 1, 3, 28, 90 and 360 d are 97.74%, 97.82%,
96.71%, 97.76% and 98.11%, respectively. The non-
evaporable water content of paste containing 30% of steel
slag is only decreased by 2% when decreasing the water-
to-binder ratio from 0. 4 to 0. 3. In other words, the
amount of hydration products is almost unchanged after
decreasing the water-to-binder ratio. Meanwhile, the ini-
tial structure of paste is dense at a low water-to-binder ra-
tio. Thus, the denser structure is obtained at later ages.
Then, high compressive strength is achieved for Sample
S2 (see Fig.2).
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Fig.3 Non-evaporable water content of cement paste and paste
containing steel slag

Fig. 4 gives the non-evaporable water content of Sam-
ple PS1 and 70% PC +30% SS. The 70% PC +30% SS is
defined by the sum of 70% of non-evaporable water con-
tent of Sample PC and 30% of non-evaporable water con-
tent of steel slag paste at the same curing age. It can be
seen from Fig. 4 that the non-evaporable water content of
70% PC +30% SS is lower than that of Sample PC at all
studied ages and the gap between the two becomes larger
at later ages. The hydration of Sample PSI involves the
fast hydration of cement and the slow reaction of steel
slag. The 70% PC + 30% SS is basically regarded as the
promoting effect of cement on the hydration of steel slag.
Thus, the gap between the non-evaporable water content
of Sample PS1 and that of 70% PC + 30% SS represents
the promoting effect of steel slag on the hydration of ce-
ment. It is clear that steel slag has great promoting effect
on the later-age hydration of cement. It is mainly due to
the high water-to-cement ratio. Less water is consumed
during the reaction of the steel slag. The adequate hydra-
tion of cement at later ages is beneficial to the strength
gain of the steam-cured concrete (see Fig.2). The pro-
moting effect of steel slag on the later-age hydration of
cement is greater at a low water-to-binder ratio due to the
marginal effect. Thus, Sample S2 has higher compressive
strength than Sample C at 360 d.
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Fig.4 Non-evaporable water contents of Sample PSland 70%
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2.3 Ca(OH), content

The TG curves and Ca(OH), contents of Samples PS1
and PS3 at 360 d are given in Fig. 5. An obvious mass
loss in the temperature range of about 400 to 500 T,
which represents the decomposition of Ca( OH),, is ob-
served in the TG curve (see Fig. 5(a)). The mass loss
rate of Sample PS1 is higher than that of Sample PS3, in-
dicating that the Ca( OH), content of Sample PS1 is high-
er than that of Sample PS3. The calculated Ca( OH), con-
tents are 16. 51% and 13. 77% for Samples PS1 and
PS3, respectively (see Fig. 5(b)). Sample PS3 has a low
content of cement compared to Sample PS1. The reaction
of UGGBS consumes a certain amount of Ca( OH),.
Thereby, a low content of Ca( OH), is determined. It is
well known that Ca(OH), crystals have harmful effect on
the microstructure and strength of concrete. The reaction
of UGGBS consumes Ca( OH),, which results in a low
content of Ca(OH), and an additional amount of C-S-H
gel. It is beneficial to the strength development. There-
fore, the compressive strength of Sample S3 is much
higher than that of Sample S1 (see Fig.2). These effects
of UGGBS are more significant in the concrete at a low
water-to-binder ratio. The highest compressive strength is
observed for Sample S4 (see Fig.2).
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Fig.5 TG curves and Ca(OH), contents of Samples PS1 and
PS3 at the age of 360 d. (a) TG curves; (b) Ca(OH), contents

2.4 Pore structure

Fig. 6 shows the porosities of pastes cured for 28 and
360 d. An increase in curing age decreases the porosity
for all samples. The porosity of Sample PS1 is obviously
higher than that of Sample PC at 28 and 360 d. Low con-
tent of hydration products is generated for Sample PS1 at
all studied ages (see Fig.3). The limited amount of hy-
dration products cannot fully fill the pores. The porosity
of Sample PS2 is slightly higher than that of Sample PC
at 28 d, and it is almost the same as that of Sample PC at
360 d. The negative effect of steel slag on the pore struc-
ture of paste is small at a low water-to-binder ratio. Sam-
ple PS3 has low porosity compared with Sample PS1, in-
dicating that adding UGGBS also can refine the pore
structure of the paste. Sample PS4 has the lowest porosi-
ty. This further confirms that steam-cured concrete con-
taining steel slag-UGGBS blended mineral admixture at a
low water-to-binder ratio has a dense structure. The find-
ings are in line with the above analyzed results of com-
pressive strength (see Fig.2).
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Fig. 6 Porosities of pastes cured for 28 and 360 d

Fig.7 and Fig. 8 present the pore structures of hardened
pastes cured for 28 and 360 d, respectively. It can be
seen from Fig. 7 that the pore size related to the most
probable pore diameter and the cumulative pore volume of
Samples PS1 and PS2 are higher than that of Sample PC,
particularly for Sample PS1. It is indicated that the pore
structure of paste containing steel slag is coarser than that
of Portland cement paste. At a high water-to-binder ratio,
harmful pores ( > 100 nm) are induced by adding steel
slag (see Fig.7(a)). For Sample PS2, although the po-
rosity is slightly higher than that of Sample PC at 28 d
(see Fig. 6), it merely increases the content of small
pores ( <50 nm) (see Fig.7(b)). The content of large
pores ( > 100 nm) significantly decreases, which is bene-
ficial to the strength (see Fig.2).
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The pore size related to the most probable pore diame-
ter of Sample PS3 is almost the same as that of Sample
PC (see Fig.7(a)). The proportion of pores larger than
100 nm of Sample PS3 becomes smaller ( see Fig. 7),
revealing that the negative effect of steel slag on the pore
structure can be compensated by incorporating UGGBS.
The activity of UGGBS is stimulated by the initial steam
curing. The pozzolanic reaction of UGGBS produces ad-
ditional C-S-H gel, which entirely consists of crumpled
foils'®', refining the pore structure. Certainly, the micro-
filler effect of UGGBS cannot be ignored. At a low wa-
ter-to-binder ratio, the pore size related to the most prob-
able pore diameter and the cumulative pore volume of
Sample PS4 further decrease and a much denser structure
is obtained for Sample PS4.

Fig. 8 shows that the pore structures of all samples are
much finer at 360 d than those at 28 d. However, for
Sample PS1, the pore size related to the most probable
pore diameter and the cumulative pore volume are still
larger than those of Sample PC. The findings are consist-
ent with the results of compressive strength (see Fig. 2)
and non-evaporable water content ( see Fig. 3). An in-
crease in age from 28 to 360 d significantly refines the
pore structure of Sample PS2. It is due to the reaction of
steel slag and the later-age promoting hydration of cement
(see Fig.4). The pore structures of Samples PS3 and PS4
are finer than that of Sample PC at 360 d. The dense
structure with low porosity can be obtained for the steam-
cured concrete containing steel slag-UGGBS blended min-
eral admixture at later ages, particularly at a low water-
to-binder ratio.

2.5 Durability

2.5.1 Chloride permeability

The charge passed and permeability grade to chloride
ion of the steam-cured concrete are shown in Fig. 9. As
shown in Fig.9(a), Samples C, S1, S2 and S3 exhibit
moderate permeability at 28 d. It is attributed to the rela-
tively high porosity of concrete. Owing to the low water-
to-binder ratio and added UGGBS, Sample S4 presents a
dense structure with low porosity (see Figs. 6 and 7(b)).
Then low permeability is measured. At 90 d, Samples C
and S3 exhibit low permeability. However, Samples S1
and S2 still exhibit moderate permeability. The compres-
sive strength of Sample S2 is almost the same as that of
Sample C at 90 d (see Fig.2), but the permeability of
Sample S2 is much higher (see Fig. 9(b)). It is probably
because steel slag tends to enhance the connectivity of
pores'™. Sample S4 exhibits very low permeability at
360 d. Samples C and S3 still exhibit low permeability,
but the charge passed is much lower at 360 d than at 90
d. The charge passed of Sample S2 clearly decreases from
90 to 360 d, and thus low permeability is observed for
Sample S2 at 360 d. However, Sample S1 still shows
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moderate permeability at 360 d, indicating that the addi-
tion of steel slag can increase the permeability of steam-
cured concrete at a high water-to-binder ratio. But at a
low water-to-binder ratio, the steam-cured concrete con-
taining steel slag shows low permeability at 360 d. The
steel slag-UGGBS blended mineral admixture decreases
the permeability of steam-cured concrete, particularly at
the low water-to-binder ratio. The paste containing steel
slag-UGGBS blended mineral admixture has fine pore
structure (see Figs. 6 to 8). Meanwhile, the properties of
interfacial transition zone can be improved by UGGBS
acting as a micro-filler and consuming Ca( OH), ( see Fig.
5). These effects are more significant for the steam-cured
concrete at a low water-to-binder ratio. Thus, very low
permeability is observed for Sample S4.

Moderate

Low

Electric flux/C

Sample
()

4 0001
3500+
3 000r
2 500
2 000
1 500 Low
1 000

500 ery low

Moderate

Electric flux/C

Sample
(b)

4 000
3500
3 0001
2 500
2 000
1 500
1000 BB B

500

Moderate

Electric flux/C

3

S1

Sample

()
Fig.9 Chloride permeability of steam-cured concrete. (a) 28
d; (b) 90 d and (c) 360 d

2.5.2 Carbonization depth

Fig. 10 presents the carbonization depth of the steam-
cured concrete under natural conditions for 360 d. The
carbonization depth of Sample S1 is much higher than that
of Sample C. This is because the steam-cured concrete

containing steel slag at a high water-to-binder ratio has
low compressive strength ( see Fig. 2) and coarse pore
structure ( see Figs. 6 to 8) as well as high permeability
(see Fig.9). It is harmful to the carbonization resistance
of concrete. The carbonization depths of Samples S2 and
S3 are smaller than that of Sample S1. It is demonstrated
that the steel slag has insignificant effect on the accelera-
ting carbonation of steam-cured concrete at a low water-
to-binder ratio or with the addition of UGGBS. The car-
bonation depths of Samples S2 and S3 are higher than that
of Sample C, though their compressive strengths are
higher than Sample C at 360 d (see Fig.2). For Sample
S2, the Ca(OH), content is low compared to Sample C.
Furthermore, as explained above, steel slag tends to en-
hance the connectivity of pores. The charge passed of
Sample S2 is high compared to Sample C at 360 d. Thus,
a high carbonation depth is measured. For Sample S3,
the content of Ca(OH), further decreases due to the low
content of cement and the consumption of Ca( OH), dur-
ing the pozzolanic reaction of UGGBS (see Fig. 5).
Thus, the concrete tends to be carbonized. However, at a
low water-to-binder ratio, although the Ca( OH), content
is low in the steam-cured concrete containing steel slag-
UGGBS blended mineral admixture, the structure is much
denser with a fine pore structure (see Figs. 6 and 8) and
very low permeability (see Fig. 9(c)). The carbonation
depth of Sample S4 is only 0.7 mm at 360 d, which is
much smaller than the carbonation depth of Sample C.

4.0

W
W
T

N\

w
(=]
T

\

P
W
T

7

Compressive strength/MPa

1.5¢
1.0}
0.5¢ §
0
C S1 S2 S3 4
Sample

Fig. 10 Carbonation depth of steam-cured concrete under natu-
ral conditions for 360 d

2.5.3 Drying shrinkage

The drying shrinkages of all samples increase rapidly
during 50 d (see Fig. 11(a)). The drying shrinkage of
Sample S1 is slightly larger than that of Sample C. When
samples are placed in a dry environment, the water loss
of the steam-cured concrete containing a high content of
steel slag at a high water-to-binder ratio is significant due
to the slow hydration of the binder. The drying shrinkage
of Sample S2 is almost the same as that of Sample S3 and
their drying shrinkages are smaller than Sample C. The
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steam-cured concrete containing steel slag-UGGBS blen-
ded mineral admixture at a low water-to-binder has the
smallest value of drying shrinkage. As shown in Fig. 11
(b), the drying shrinkages are clearly distinguished
among all the samples at later ages. The total drying
shrinkage of Sample S1 during 360 d is evidently larger
than that of Sample C. The values of total drying shrinka-
ges of Samples C and S1 within 360 d are very close to
each other. Small total drying shrinkages within 360 d are
observed for Samples S3 and S4, particularly for Sample
S4. It is demonstrated that the steel slag-UGGBS blended
mineral admixture leads to the steam-cured concrete with
a small drying shrinkage at a low water-to-binder ratio.
The results are in agreement with the above analyzed re-
sults of chloride permeability (see Fig.9(c)) and carbon-
ation depth (see Fig. 10). From the above, the best per-
formance is obtained from the steam-cured concrete con-
taining steel slag-UGGBS blended mineral admixture at a
low water-to-binder ratio.
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Fig.11 Drying shrinkage of steam-cured concrete. (a) Initial
50 d; (b) Total testing ages

The steam-cured concrete containing steel slag has
good performance if prepared with a low water-to-binder
ratio. Moreover, mixing steel slag with highly active
mineral admixture at a proper ratio also results in steam-
cured concrete with better properties.

3 Conclusions

1) The demoulding compressive strength of steam-
cured concrete with 30% steel slag at a high water-to-
binder ratio is much lower than that of steam-cured ce-
ment concrete. Decreasing water to the binder ratio or
adding UGGBS can increase the demoulding compressive
strength, but their strengths are still lower than that of the
steam-cured cement concrete. The demoulding compres-
sive strength of the steam-cured concrete containing steel
slag-UGGBS blended mineral admixture at a low water-
to-binder ratio is almost the same as that of the steam-
cured cement concrete.

2) The long-term compressive strength of steam-cured
concrete with 30% steel slag at a high water-to-binder ra-
tio is obviously lower than that of the steam-cured cement
concrete. The low water-to-binder ratio or adding UGG-
BS is beneficial to the strength development of the steam-
cured concrete. The steam-cured concrete containing steel
slag-UGGBS blended mineral admixture at a low water-
to-binder ratio has the highest compressive strength.

3) For paste containing 30% steel slag, the non-evapo-
rable water content is much lower than that of cement
paste at a high water-to-binder ratio, and decreasing the
water-to-binder ratio from 0. 4 to 0. 3 almost does not
change the amount of hydration products. Steel slag pro-
motes the later-age hydration of cement. The Ca( OH),
content of paste containing steel slag-UGGBS blended
mineral admixture is lower than that of paste containing
steel slag, which is beneficial to the strength.

4) At a high water-to-binder ratio, adding steel slag
tends to make the pore structure coarser. But at a low wa-
ter-to-binder ratio, the negative effect of the steel slag on
the pore structure of the paste becomes smaller. The steel
slag-UGGBS blended mineral admixture clearly refines
the pore structure of the paste, particularly at a low water-
to-binder ratio.

5) The steam-cured concrete containing steel slag at a
high water-to-binder ratio exhibits moderate permeability
and large carbonation depth as well as great drying shrink-
age at all studied ages. Decreasing the water-to-binder ra-
tio or adding UGGBS can reduce the negative effect of
steel slag on the durability of steam-cured concrete. The
best durability properties are obtained for the steam-cured
concrete containing steel slag-UGGBS blended mineral
admixture at a low water-to-binder ratio.
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